OBJECTIVE: Drinking ethanol stimulates the appetite, producing a positive energy balance. The mechanism by which ethanol regulates the appetite in the central nervous system, however, has not been fully understood. The aim of this study is to investigate the interaction of ethanol with the satiety effect of leptin, a hormone which suppresses the appetite in the hypothalamic region. DESIGN: Leptin (7.5 mg) or the same dose of phosphate buffer saline (PBS) was administered into the third ventricle (i.c.v.), 30 min after an intraperitoneal injection (i.p.) of ethanol (0.5 g=kg body weight) or the same dose of PBS. MATERIALS: Adult male Sprague -Dawley rats weighing 290 -320 g were used. MEASUREMENTS: Food intake was measured 2, 12 and 24 h after leptin i.c.v. infusion. The tyrosine phosphorylation of signal transducer and activator transcription factor 3 (STAT3) in the hypothalamus was analyzed by Western blotting. RESULTS: The cumulative food intakes in the saline=leptin group (saline i.p. þ leptin i.c.v.) were markedly reduced to about 45% of the saline=PBS group (saline i.p. þ PBS i.c.v.) at 2, 12 and 24 h time points (P < 0.05, 0.001, and 0.005, respectively). As compared with the saline=leptin group, those of the ethanol=leptin group (ethanol i.p. þ leptin i.c.v.) were significantly increased to the level seen in the saline=PBS group at 12 and 24 h time points (P < 0.05, and P < 0.005 vs the saline=leptin group, respectively). Ethanol administration resulted in about a 50% reduction of the leptin-induced STAT3 tyrosine phosphorylation seen in the hypothalamic protein as compared to that of the saline=leptin group. CONCLUSION: These findings suggest that ethanol-induced enhancement of the appetite may, in part, result from leptin resistance transiently caused by ethanol to attenuate the leptin signal transduction.
Introduction
Obesity is now prevalent and increasing dramatically, not only in Western countries but also in Asian countries. Obese people have an increased risk of illness such as diabetes, hyperlipidemia, hypertension and heart disease. 1 It is common for people to drink alcohol before or during meals. Several investigators have reported that alcohol stimulates the appetite and produces a positive energy balance in humans, and Prentice et al have suggested that obesity is primarily a disorder of appetite rather than metabolism. 2, 3 Alcohol consumption is thought to influence the central control of feeding behavior. Blackburn et al described that ethanol administration potentiated neuropeptide Y-stimulated food intake in nonfasted rats as its acute effect. 4 However, it is unknown whether or how ethanol affects the central action of leptin, which is the most important hormone for regulating feeding behavior.
Leptin secreted from adipocytes strongly reduces food intake via its hypothalamic action in animals. 5, 6 It has been shown that the Janus kinase=signal transducer and transcription activator (JAK=STAT) is a major signaling pathway in leptin signal transduction in the hypothalamus. 7, 8 Phosphorylation of the leptin signaling pathway was impaired in rodents in a leptin-resistant state. 9, 10 Some studies revealed that ethanol attenuated the phosphorylation of signaling molecules stimulated by several cytokines or hormones in vitro.
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Nevertheless, there is no report as to whether ethanol can affect the central action of leptin in terms of feeding regulation and the intracellular signal transduction of leptin in mammals. To address this issue, we examined the ability of leptin, administered intracerebroventricularly, to modify changes in food intake induced by peripheral alcohol administration in rats. Also, tyrosine phosphrylation of STAT3 downstream of the leptin signal transduction was analyzed to elucidate the mechanism of the ethanol effect on leptin action.
Materials and methods

Experimental protocol
Adult male Sprague -Dawley rats weighing 290 -320 g obtained from Shizuoka Laboratory Animal Center (Shizuoka, Japan) were housed at 22 C in a 12-12 h light -dark cycle environment (light on at 7:00, off at 19:00), and provided with standard laboratory diet (Oriental Yeast, Tokyo) and tap water ad libitum. The experimental protocol was approved by the Animal Care and Use Committee at our institution. Under pentobarbital anesthesia (40 mg=kg, intraperitoneal administration), a 23-gauge stainless steel guide cannula was stereotaxically implanted into the third cerebral ventricle (6 mm anterior to the interaural line). A stainless steel wire stylet (29 gauge) was inserted into the guide cannula to prevent leakage of the cerebrospinal fluid, and these were fixed to the skull with dental cement 7 days before the experiment. After 18 h of food deprivation, 5% of ethanol (0.5 g=kg, diluted by saline, ethanol=leptin group or ethanol= PBS group) or the same volume of saline (saline= leptin or saline=PBS group) was administered intraperitoneally (i.p.). Subsequently, a 29-gauge stainless injection cannula was connected via a long polyethylene tube to an infusion pump and inserted through the previously implanted guide cannula. Thirty minutes after the intraperitoneal administration of ethanol, an intracerebroventricular infusion (i.c.v.) of mouse recombinant leptin (7.5 mg dissolved in 5 ml of PBS, purchased from R&D system, Inc., USA) or PBS was performed. Five rats were used for the measurement of food intake and four rats for the analysis of leptin-induced STAT3 phosphorylation in the hypothalamus in each group.
Measurement of food intake
To measure the cumulative food intake of each group, the food was weighed 2, 12 and 24 h after the intracerebroventricular infusion of leptin or PBS at 19:00, the beginning of the dark phase.
Western blotting
The rats were decapitated 30 min after i.c.v. infusion, the whole hypothalamus was dissected out and frozen in liquid nitrogen immediately until the assays. The hypothalamus was homogenized in lysis buffer containing 10 mmol=l NaH 2 PO 4 , 1.0 mmol=l EDTA, 250 mmol=l sucrose, 150 mmol=l KCl, 1.0 mmol=l phenylmethylsulfonyl fluoride and centrifuged at 15 000 rpm for 30 min. Protein concentrations of the supernatants were estimated according to the method of Lowry et al.
14 A 40 mg protein of supernatant was mixed with SDS sample buffer and boiled for 5 min before loading on to SDS -polyacrylamide gel. After electrophoresis, proteins were transferred to a nitrocellulose membrane and blocked by incubation for 1 h at room temperature with 5% non-fat dry milk in Tris-buffered saline=0.1% Tween 20 (TBST). The membrane was incubated overnight with antiphospho-STAT3 antibody as the primary antibody, and then reacted with anti-rabbit IgG antibody for 90 min after washing with TBST. Protein bands were revealed by an enhanced chemiluminescence reaction.
Statistical analysis
Data are expressed as means AE s.e. Statistical analyses were performed by two-tailed Student's t-test. A P-value < 0.05 was considered significant.
Results
Effects of ethanol on food intake
In the ethanol=leptin group, the serum levels of ethanol 30 min after administration were low (3.5 mmol=l) 4 and no abnormal movement, probably due to the acute adverse effects of ethanol such as cerebellar ataxia, was observed.
The cumulative food intake in each group is described in Figure 1 . The cumulative food intakes in the saline=leptin 2 AE 2.1 vs 24.8 AE 1.2 g, P < 0.01; 24 h, 12.7 AE 0.9 vs 27.7 AE 0.9 g, P < 0.005). In contrast with the saline=leptin group, those of the ethanol=leptin group (ethanol i.p. þ leptin i.c.v.) were significantly increased to the level seen in the saline=PBS group (12 h, 21.9 AE 1.6 g, P < 0.05; 24 h, 24.2 AE 1.7 g, P < 0.005 vs saline=leptin group, respectively). The results indicate that the inhibitory effect of leptin on feeding was canceled by pretreatment with ethanol. Twenty-four hours into the experimental period, there was no difference in food intake between the saline=PBS group and the ethanol=leptin group. Ethanol administration alone had no effect on food intake (ethanol=PBS group -2 h, 5.6 AE 0.5 g; 12 h, 22.6 AE 1.1 g; 24 h, 26.0 AE 1.0 g), which was consistent with the results previous described. 4 Effects of ethanol on STAT3 phosphorylation First, a time course experiment of leptin-induced phosphorylation of STAT3 in the rat hypothalamus was carried out.
Lysates derived from the cerebroventricularly-stimulated hypothalamus were subjected to anti-phospho-STAT3 immunoblotting. As shown in Figure 2 , phosphorylation of STAT3 appeared 15 min after injection of 7.5 mg leptin, and the maximal induction of STAT3 phosphorylation was reached 30 min after the injection. Next, we investigated the effects of ethanol on leptin-induced STAT3 phosphorylation in the rat hypothalamus. Ethanol or saline was administered intraperitoneally followed by leptin injected i.c.v. The resultant lysates of the hypothalamus were subjected to immunoblotting with anti-phospho-STAT3 or anti-STAT3 antibodies. STAT3 phosphorylation of the samples from the ethanol=leptin group was markedly reduced as compared with those of the saline=PBS group ( Figure 3A) . Figure 2 Time course of leptin-induced STAT3 phosphorylation in the rat hypothalamus. Rats were decapitated 15, 30, 60 and 90 min after leptin infusion into the third ventricle, the whole hypothalami were dissected out immediately and then tissue lysates were subjected to Western blotting with specific anti-phospho-STAT3 (A) and anti-STAT3 (B) antibodies. Figure 3 Effects of ethanol on STAT3 phosphorylation in the rat hypothalamus. Ethanol or saline was administered intraperitoneally, after which leptin was injected i.c.v. Hypothalamic lysates were subjected to Western blotting using specific-anti-phospho-STAT3 and anti-STAT3 antibodies (A, B). Densitometoric analysis of the phosphorylated STAT3 bands is shown in (C).
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Reblotting the membranes with anti-STAT3 antibodies, ethanol administration did not alter the amounts of hypothalamic STAT3 proteins ( Figure 3A ). As shown in Figure 3B , densitometoric analysis of the phosphorylated STAT3 bands revealed that ethanol administration caused about a 50% reduction in STAT3 phosphorylation in the saline=leptin group (46.5 AE 29.1% of saline=leptin group).
Discussion
In this study, we demonstrated that ethanol administration almost completely abolished the central action of leptin on feeding in SD rats. This is the first evidence that acutely administered ethanol produces a transient leptin resistance in vivo.
The acute effect of ethanol was potentially different from that of chronic ethanol consumption which has been shown to cause a decrease in food intake and body weight in rats. 15 In humans, it has been shown that ethanol preloading induced a higher eating rate and a longer meal than the other preloads and contributed to excess energy intake. 2, 16 These studies indicate that the acute and chronic consumption of ethanol have different biological effects on appetite and food intake. Together with our results, it is possible that those acute effects in humans may also involve some reversal of the normal inhibitory effects of leptin. Ethanol evokes intracellular signal transductions. It has been reported that ethanol attenuates the phosphorylation of STAT1, 3, and 5 stimulated by IL-6, IFN, growth hormone and prolactin in vitro.
11 -13 Recently, we observed that ethanol reduced the phosphorylation of JAK2 and STAT3 located downstream of leptin receptor activation in a human hepatoma cell line (data not shown). Ethanol can readily diffuse into the brain and freely permeates the plasma membrane of hypothalamic neuronal cells. 4 In agreement with those in vitro findings, the STAT3 phosphorylation of the hypothalamus was found to be markedly decreased by pretreatment with ethanol.
It is well known that leptin reduces food intake by decreasing orexigenic peptides (NPY and orexin) and increasing anorexigenic peptides (CRH, a-MSH) in the rodent hypothalamus. 17 -19 We presume that ethanol preloading results in the reduction of those central leptin actions due to the inhibitory effect on leptin signaling.
Although the food intake seen in the ethanol=leptin group was similar to that of the saline=PBS group, the leptin-induced STAT3 phosphorylation was still present at 50% in the saline=leptin group. Thus, ethanol preloading was not necessarily able to abolish leptin signaling. This result shows that ethanol has other mechanisms that control appetite without the leptin signal. Previous studies have reported that ethanol has another mechanism, apart from leptin, for food intake control. Handa et al described that acute ethanol administration decreased glucose transporters in rat brains. 20 Dryden et al reported that hypoglycemia-induced hyperphagia was not mediated by leptin or NPY. 21 In rats administered ethanol, the response of glucose sensitive neurons in the hypothalamus to neuroglycopenia might stimulate food intake. Moreover, acute ethanol administration increased the release of b-endorphins which are known to stimulate food intake. 22 In summary, we demonstrated that ethanol administration completely inhibited leptin action in the hypothalamus in terms of food intake, ie it induced acute leptin resistance in rats. One of the putative mechanisms may be that ethanol attenuated the STAT3 phosphorylation in the downstream of the leptin receptor in the hypothalamus.
